ABSTRACT. The assessment of the functional state of the autonomic nervous system (ANS) in real time, by means of spectral analysis of fetal heart rate variability, may serve to improve the diagnosis of pathologic conditions of importance to the perinatologist. The combination of two approaches, namely an efficient method for detecting fetal ECG from the abdominal maternal signal, followed by spectral analysis of heart rate variability, is tested as a new noninvasive tool to assess fetal viability in real time. This study demonstrates a pattern of ANS development via the spectral contents of heart rate variability. It is shown that during "quiet state," the "young" fetuses (gestational age = 23.5 f 1 wk) present twice as much power of heart rate fluctuations at all frequencies from 0.2 to 1.0
In adults and newborns, HRV as estimated by spectral analysis is known to reflect the activity of various components of the ANS (1-3), i.e. each of the two autonomic inputs into the sinoatrial node, sympathetic and parasympathetic, contribute to the HR power spectrum in different, well-determined frequency ranges. This frequency specificity enables an estimation of parasympathetic activity as well as the evaluation of the balance between sympathetic and parasympathetic tone. By applying spectral analysis to HRV, autonomic control has been delineated in a cardiovascular system of adults under normal conditions as well as in various pathologic states that involve suspected autonomic malfunction (4) (5) (6) (7) . In adults, a high-frequency peak (RP) in the HRV power spectrum is associated (8) with respiratory activity.
Fetal breathing movements have been detected as early as 1 1 wks of gestation. They remain irregular during the first half of the pregnancy and become slower and more regular during the last weeks before delivery (9) . They are known to enhance HRV and may usually persist in both "wakefulness" and "sleep" states (10, 11) . These behavioral patterns occur in the normal pregnancy and reflect the development of the fetal ANS. Therefore, the features of the HRV power spectrum in the fetus might provide us with a pattern of the development and functioning of the fetal autonomic system. Relative changes in respiratory versus low-frequency fluctuations may reveal a gradual process of ANS maturation or a state of disease.
A novel algorithm for on-line detection of FHR (12) permits an accurate beat-to-beat detection of the FHR from an ECG signal obtained on the maternal abdominal wall. This, combined with spectral analysis of HRV, is presented as a noninvasive means to assess fetal ANS activity and dynamic control in real time. This approach might allow the investigation of "behavioral" states of the fetus as well as detection of "breathing" activity. It may provide us with a potential tool for early detection of pathologic processes within the ANS, such as fetal distress, postmaturity syndrome, and intrauterine growth retardation, known to be associated with reduced fetal body and breathing movements (9) and changes in FHR patterns (1 3). For example the likelihood of uterine contractions to progress and to end with premature delivery is associated with the presence of depressed fetal breathing (14) . Such problems, as well as the investigation of fetal ANS development, may be better approached by evaluating the spectral contents of the fetal HRV, noninvasively obtained from an AECG.
A classic problem in physics is the I/f" relation between frequency and power density found in the low-frequency range of the power spectrum of many systems in general and in physiologic systems (15, 16) such as EEG a-wave, heart beat period, and density modulation of action potentials in the nerve axon. The origin of this widespread phenomenon is probably connected with spatial degrees of freedom, leading the system 14 into barely stable states and to the inverse power law for temporal fluctuations ( 17) . Compliance of fetal HRV with the known I / P relationship will support the validity of the FHR detection process, and the a-parameter value may add another parameter for the description of the fetal nervous system.
MATERIALS AND METHODS
Outline of algorithm fbrfetal ECG detection. The approach we use for the FHR detection algorithm is based on the cancellation of the maternal contribution in both the first and second derivatives of the AECG, in contrast to other cancellation procedures generally performed on the AECG signal itself.
The fetal QRS detection method we designed ( 12) and applied here includes the steps outlined in Figure I . Accurate detection of fetal QRS complexes is achieved, and a series of fetal R-R intervals can be created, as well as an AECG signal where each fetal beat is indicated.
Patient recruitment and data collection. Subjects were selected at random from a healthy population undergoing routine pregnancy follow-up. I ) Details about maternal age and GA (completed weeks starting from the 1st d of the last known menstrual period) were noted. 2) Patients presenting maternal or fetal complications or taking medications, other than iron or vitamins, were excluded from the study. 3) Each recording session took place between 0900 and 1200 h, with the patient, after at least 10 min rest, in supine position.
Each subject was subjected to a 5-min AECG recording (combined fetal-maternal signal) measured from the maternal abdomen, on a TEAC R-71 data cassette recorder (TEAC Corp. of America, CA), to which the output of a sensitive low-noise ECG amplifier (qualified for human signal monitoring) was connected. Only one ECG lead was recorded, implemented with three electrodes.
Data analvsis. The analysis requires the AECG signal to be fed into an analog-to-digital converter ( A / D Labmaster PGL-40. Scientific Solutions, Inc., OH) of a personal computer (IBM-AT or compatible). The AECG signal was sampled at a rate of 300 Hz, and the algorithm for FHR detection from the maternalfetal signal was then applied.
Because the fetal heart beat detection is not always perfect. and some fetal R waves may not be detected, the series of R-R intervals goes through an automatic correction procedure that detects abnormal values of FHR or abrupt FHR variations and correcting abnormal R-R intervals, while conserving the absolute time. The R-R series is then submitted to an algorithm ( I 8) that creates equally time-spaced FHR values. It simultaneously performs digital smoothing and low-pass filtering (at 2 Hz), using a moving average window.
This procedure results in a smooth time series of FHR values. ( frequency range we are interested in, as well as the possible modulation mechanisms (the fastest being breathing movements) acting on FHR, do not exceed 2 Hz. Therefore, a sampling rate of 4 Hz is sufficient for our purpose. Next, this fluctuating FHR time series undergoes a fast Fourier transform to allow the computation of the power spectrum ( 19) up to a frequency of 2 Hz (Fig. 3) . Integrals over predefined frequency bands of the power spectrum are the quantitative parameters we use to evaluate the intensity of FHR fluctuations. The value of these integrals is the main quantitative information that we use to assess the autonomic activity in the fetus. The power of HRV in the relevant frequency bands is integrated, normalized with respect to the width of the integration band, and compared between subjects or within subjects at different behavioral states. The frequency bands we chose in this study are simply adjacent bands. of 0. IHz width each, covering the range from 0.2 to 1.1 Hz.
Determining the optimal trace length ,fir unulysis. The power spectrum of an unsteady signal tends to diffuse over wide frequency bands and is therefore dificult to characterize. Because breathing movements are known to appear episodically and usually for periods of 30 to 60 s (20) , the power spectrum was analyzed from 64-s subtraces of the original trace (Fig. 4) .
Although a power spectrum from a shorter subtrace is less informative in the low-frequency range, it allows us to investigate traces with higher likelihood of homogenous fetal activity, and thus provides more reliable high-frequency information. For short traces of FHR with clear indication of high-frequency content (Fig. 4) . we can compute an average power spectrum of subtraces obtained from the same fetus, aiming at the enhancement of specific consistent features of the spectrum (Fig. 5) .
For example. each of the HRV power spectra of three successive 64-s subtraces shown in Figure 4 display a peak around 0.7 Hz, however with varying amplitude and width.The average power spectrum in Figure 5 presents a more defined highfrequency peak than the HRV power spectrum of the 256-s trace (Fig. 3) .
Sratisticul unulj~.~is. Cyclic variations in fetal states are of importance to the study. The level of activity ("sleep state") of the fetus is represented by the standard deviation of FHR. The changing level of activity clearly influences the power spectra of FHR. Unless taken into consideration. this activity modulation may result in large within-subject variation.
To resolve this problem, we conducted a comprehensive statistical analysis to take all the available parameters such as integration frequency band. fetal sleep state. and age into consideration. We used the unbalanced analysis of variance and covariance with repeated measures to determine the influence of each of the above three variables on the spectral integrals and the interactions among these variables. Due to variations in fetal activity state and ECG signal quality, each fetus has a different number of valid subtraces and thus of measurements. The analysis takes into account any given number of measurements and computes the relative contribution for each fetus accordingly.
The statistical analysis generated a system of nine linear equations. predicting the values of the power spectrum integrals as a function of the fetal GA, integration frequency band, and FHR SD. The fit of the model defined by these linear equations was tested by the likelihood test. These tests allow us to compare results obtained from the different age groups of fetuses and to determine the significance of the impact of the age factor on the spectral integrals.
The statistical analysis is a multistep, complicated process that :alculates simultaneously the various interactions among the factors affecting the power spectrum of fetal HRV. It demonstrates the difference between the ANS activity of "young" and "mature" fetuses. taking into account all various levels of fetal activity. Therefore, independently of this statistical analysis. to visualize the effect of GA, we show the average spectral integrals for young and mature fetuses. The different sleep and active states were separated into graphs for low activity (FHR variance <15 bpm') and high activity (FHR variance >30 bpm') graphs. For these graphs, only one subtrace per activity state was taken from each subject. When multiple subtraces were available, the subtraces with the lowest and the highest FHR variance were selected.
RESULTS
Recordings from 10 young pregnancies (GA = 23.5 + I wk) and 22 mature pregnancies (GA = 39.75 + 1.5 wk) were analyzed. Figures 2 and 3 present a typical trace of FHR and its HRV power spectrum. The spectrum is calculated from the entire period of 256 s to achieve a good resolution in the low-frequency range. In Figures 4 and 5 . the advantage of shorter subtraces is demonstrated. The power spectrum of selected short subtraces reveals a high-frequency peak. whereas a full-length trace does not. The selected subtraces may have a common activity state, and therefore a similar power spectra.
To demonstrate the changes in ANS activity throughout pregnancy and to determine the influence of fetal age and sleep state (or level of fetal activity), an unbalanced analysis of variance and covariance with repeated measures was performed three times: once for the combined group of all fetuses to establish the overall trend, and then separately for the two age groups (young and mature fetuses) to determine the deviation of each group from that overall trend. Each time the fit of the model (the set of linear equations predicting the values of the spectral integrals) to the measured data was tested by means of likelihood test. and the results were interpreted via a x' test. This test resulted in a significant difference ( p < 0.00006) between the young and the mature fetuses. thus indicating that fetal age significantly affects the pattern of HRV power spectrum.
Figures 6 and 7 display the average integrals of the HRV power spectrum for two groups of fetuses: young and mature pregnancies. during Inw-and high-activity periods. Sixty-four s long subtraces of FHR were used to calculate the high-(20.2 Hz) frequency part of the spectra and seven integrals. each 0. I Hz wide, cover the range up to I. I Hz. Figure 6 displays the average integrals for the young (GA = 23.5 f 1 wk. n = 10) and mature pregnancies (GA = 39.75 + 1.5 wk. t~ = 22) during low-activity sleep state periods (FHR variance <I5 bpm2). and Figure 7 displays the average integrals for the young (GA = 24 + 0.8 wk. n = 3) and mature pregnancies (GA = 39.75 + 1.5 wk. 11 = 16) during high-activity periods (FHR variance >30 bpm').
Figures 6 and 7 depict the difference between young and mature fetuses. It is visible that young fetuses display more power of H R variations than mature fetuses. and that both groups obviously present significantly higher power during activity periods (Fig. 7 ) compared with sleep states (Fig. 6) .
The I/f relationship between spectral density and frequency was tested. Because HRV has been shown to comply with the power law relationship at frequencies under 0.1 Hz. full traces of 256 s were used to calculate the low-frequency (<0.2 Hz) range to provide a good low-frequency resolution. Figure 8 presents a logarithmic scale plot of the average normalized integrals 1vr.srr.s the frequency in the low-frequency range. A logarithmic fit for the data in Figure 8 results in a slope of tr = -0.85 ( i = 0.99. p < 0.005) for the mature pregnancies and tu = -0.84 ( i = 0.9 I . p < 0.05) for the young pregnancies.
DISCUSSION
Continuous long-term (256-s) traces of FHR (Fig. 2) from AECG recordings can be obtained by using our fetal ECG detection ( 1 2) and FHR correction algorithms. The corresponding power spectra (Fig. 3) d o not reveal a clear peak in the highfrequency range. which may be attributed to fetal breathing activity. However. shorter subtraces. the duration of which is of the same value as the breathing episodes of the fetus. have more chances to exhibit a high-frequency peak (Fig. 4) . A peak in the HRV power spectrum at the frequency of respiration is observed in adults (8) around the 0.7-Hz center. This indicates faster and less organized breathing movements than in adults and conforms with fetal respiratory rate. reported (20) to be 49 f I0 breaths/min. Average values of integrals over fixed-frequency bands of the HRV power spectrum were calculated and plotted for young, and mature fetuses in an active state (FHR variance >30 bpm-) in Figure 7 and in sleep state (FHR variance < I 5 bpm') in Figure 6 . No R P can be observed while fetuses are in an active state (high FHR variability), but during sleep state. two peaks arc present at 0.5 to 0.6 Hz and 0.7 to 0.8 Hz. probably due to bimodal distribution of breathing rates in the traces included in the average.
A similar R P at 0.7 to 0.95 Hz was reported by Divon ilt (11. (74) in a study performed invasively on human fetuses after spontaneous rupture of membranes. Dykes 1.1 (11. (25) . Kitney (26) . and Giddens and Kitney (27) reported respiratory sinus arrhythmia to be associated with breathing amplitude and R P to be observed in infants but scarcely in very young ( 1 -to 3-d-old) neonates.
Bearing in mind that fetal breathing activity exists only about 25% (20) of the time and for periods of 30 to 60 s. it is understandable why processing too long a trace may blur an R P if present. This resembles the cancellation of the R P in a 24-h HRV power spectrum 13cr.slr.s a 5-min HRV power spectrum in adults (16) . Therefore. subtraces of 64 s were used to produce power spectra. assuming that in such short traces the data have a greater likelihood to present a more stable state of fetal activity. Using this modality of analysis. some of the traces showing no sign of R P in the 256-s spectral analysis unveiled an R P (Figs. 4 and 5) in the shorter subtraces of 64 s. In a study performcd at our center. preterm and full-term newborns displayed a dispersed R P in HRV power spectra. even in cases in which they exhibited a clear R P in the direct respiratory power spectrum. Thus, fetal R P is bound to be wide and dispersed. Testing fetal HRV power spectrum density for the I/P' relationship. both groups present essentially the same t t = -0.85 behavior. comparable with the slope of n = -1.02 reported ( 16) in adults. This substantiates the validity of our fetal R wave detection and FHR correction procedure and provides an additional description of fetal HRV. but presents no new information about the process of fetal ANS maturation.
In an attempt to define a parameter that represents the degree of development of the fetal ANS based on its HRV power spectra. the integrals over constant frequency bands of HRV power spectrum were tested. We used the unbalanced analysis of variance and covariance with repeated measures statistical test. which incorporated the influence of frequency band. GA. and level of fetal activity on the spectral integrals of FHR fluctuations. A significant ( p < 0.00006) difference was obtained between the young and the mature fetuses examined. We conclude that it may be possible to probe the development of fetal ANS by means of spectral analysis of HRV. Visualizing the age difference (Figs.  6 and 7) . it seems that the immature fetal ANS generates a large amount of unarrayed changes in HR. resulting in a power spectrum with about twice as much energy. compared with the mature and more stable ANS during the last period of gestation, both in sleep and active state.
C'ot~clrrsiot~. The object of our research was to identify a parameter that may be associated with the development of the fetal ANS throughout pregnancy. The main result of the work presented here is that young (GA = 23.5 f 1 wk) and mature pregnancies (GA = 39.75 + 1.5 wk) present significantly different (1) < 0.00006) power spectra of HRV. This observation might possibly be used to create a fetal ANS development test derived from the power spectra of HRV.
The young fetuses present a higher level of HRV spectral power compared with the mature fetuses, probably due to their less organized neural activity. It seems that an R P may be observed in the average integrals of HRV power spectrum only during sleep state of the fetuses. using short-term traces of heart rate.
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In the low-frequency range, the relation between the spectral density (D) and the frequency (f) obeys a power law similar to that for adults. It was determined to be Daf O." in both young and mature fetuses.
Applying fetal AECG recording followed by fetal ECG detection and spectral analysis of FHR fluctuation, it seems possible to determine the state of fetal activity and to obtain some information about the state of maturation of the ANS. However, the episodic nature of the fetal breathing, the wide range of activity states, and the immaturity of the ANS cause a large variability in the spectral power and in the width and location of the RP when apparent.
Based on previous studies, one does expect the high-frequency peak to be related to breathing activity; however, a choice of reliable criteria for the occurrence of an RP and its conjunction with breathing episodes requires an extensive specific investigation involving the simultaneous measurement of breathing movements by ultrasonic imaging, currently performed in our laboratory. The use of spectral analysis of FHR fluctuations as an investigative or clinical tool still requires extreme caution and extended research.
